Human cells may respond to viral infection, tumour transformation or other stress by expressing cell-surface ligands for activating receptors of cytotoxic NK and T cells, thus eliciting recognition and elimination by the immune system. Work from our own and other laboratories has shown that upon infection with the human immunodeficiency virus type 1 (HIV-1), CD4 + T cells express ligands for the NKG2D activating receptor, particularly ULBP2, becoming susceptible to lysis mediated by NK cells that are all NKG2D
+ (Cerboni et al., 2007b; Ward et al., 2009 ). Furthermore, we recently reported that primary CD4 + T lymphocytes respond to HIV-1 infection by upregulating cell-surface PVR (poliovirus receptor, CD155 or Necl-5) (Matusali et al., 2012) , a nectin-like protein that functions as ligand for the DNAM-1 (DNAX accessory molecule-1 or CD226) activating receptor of NK and CD8 + T cells (Takai et al., 2008) . However, some HIV-1 encoded proteins, including Nef, Vpu and Vif, have evolved the capacity to inhibit the cell-surface expression of NKG2D ligands and/or PVR, hence reducing NKG2D-and DNAM-1-mediated NKcell lysis of infected cells (Cerboni et al., 2007b; Matusali et al., 2012; Norman et al., 2011) . Therefore, understanding the mechanisms that regulate the expression of activating ligands in HIV-infected cells may provide novel strategies to strengthen antiviral immune responses.
Increasing lines of evidence indicate that the expression of NKG2D and DNAM-1 ligands is induced by the DNA damage response (DDR) pathway, specifically by the activation of the DNA damage sensor kinases ATM (ataxia telangiectasia-mutated) and ATR (ATM and Rad3-related) (Ardolino et al., 2011; Cerboni et al., 2007a; Gasser et al., 2005; Soriani et al., 2009) . During infection with HIV-1, the viral Vpr protein induces a G 2 cell-cycle arrest through a multistep process that involves Vpr association to the cellular DDB1-CUL4A E3 ubiquitin ligase complex via DCAF-1 (initially named VprBP) and induction of the DDR pathway via ATR activation (Andersen et al., 2008) . It was recently shown that, by inducing the DDR pathway via ATR, Vpr also upregulates several NKG2D ligands (MICA/B and ULBP1-3 proteins) (Richard et al., 2010; Ward et al., 2009) . On the basis of these findings, we sought to investigate whether Vpr plays a role in PVR up-modulation.
To this end, the Jurkat T-cell line was transduced as described previously (Richard et al., 2010) with the WPI lentivirus either empty or encoding the Vpr protein of the HIV-1 NL4-3 strain (VprWT). The self-inactivating HIV-1-derived WPI lentiviral vector allows co-expression from a human EF1a promoter of a cDNA and the GFP marker from a downstream internal ribosome entry site (IRES). At 48 h after transduction, when the vast majority of cells were vital (at least 80 %) and gated live cells were all GFP-positive (data not shown), we analysed the cell-surface PVR expression by flow cytometry as described elsewhere (Matusali et al., 2012) . Results showed that the geometric mean fluorescence intensity (MFI) for PVR was increased similarly to ULBP2 on Vpr-expressing cells when compared to control cells (WPI and not transduced (n.t.) cells), with a mean 50 % up-modulation in 11 independent experiments (PVR MFI mean±SEM: 621±87 vs 933±124; P50.001 by Wilcoxon signed rank test), while another membrane protein, CD3, was not affected (Fig. 1a, b) . As for ULBP2, the effect of Vpr on cell-surface PVR correlated with an overall protein increase (by 45±25 % in three independent experiments) observed by immunoblotting total cell extracts with antibodies against PVR, ULBP2 or, as internal control, against the constitutively expressed glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Fig. 1c) . We also measured the amounts of mRNA encoding PVR and ULBP2 [normalized by glucose 6-phosphate dehydrogenase (G6PDH) mRNA] by standard semiquantitative reverse transcriptase (RT)-PCR. Briefly, aliquots (2 mg) of total RNA were used to generate cDNA using random hexamers and reagents from BIOLINE, and increasing amounts of cDNA were amplified by PCR using reagents from GE Healthcare. For each target, forward and reverse primers were designed across exons to avoid amplification of genomic DNA, as validated in pilot assays, and the number of cycles was set to exponential phase of the PCR to allow semiquantitative comparisons among samples (Fig. 1d) . The ULBP2 mRNA but not PVR mRNA was significantly more abundant in Vpr-expressing cells compared to control cells, indicating that Vpr does not upregulate PVR at the transcriptional level as opposed to what has been reported for ULBP2 and other NKG2D ligands (Richard et al., 2010; Ward et al., 2009) (Fig. 1d) . Thus, it is likely that Vpr induces PVR expression acting at a post-transcriptional level such as, for instance, miRNA-mediated regulation of mRNA translation, an additional mechanism that was shown to control NKG2D ligand expression (Eissmann et al., 2010; Stern-Ginossar et al., 2008) .
Next, cell-surface PVR levels were monitored in cells expressing Vpr mutants that lost the capacity to interact with UNG2 DNA repair enzyme (VprW54R), with DCAF-1 and E3 ligase (VprQ65R), or affected a putative activation domain without inhibiting DCAF-1 binding and E3 ligase recruitment (VprR80A) (Belzile et al., 2007; Mansky et al., 2000) (Fig. 2a, b) . To confirm the previously characterized phenotype of Vpr variants, Jurkat cells transduced with WPI or lentivirus expressing wt or mutated Vpr proteins were fixed with 70 % ethanol at 4 u C for 1 h, then either stained with propidium iodide and analysed for the cell-cycle profile or permeabilized with 0.2 % Triton X-100 and reacted with monoclonal antibody (mAb) against the phosphorylated histone 2A variant X (c-H2AX), an ATR/ATM substrate, followed by incubation with secondary antibody, and finally analysed for intracellular c-H2AX levels (Fig. 2a) . Compared to VprWT, the VprQ65R and VprR80A mutants that were strongly attenuated in their ability to promote G 2 arrest and c-H2AX accumulation in agreement with previous reports (Belzile et al., 2007) , were also defective for PVR upmodulation, while VprW54R that maintained the function in the cell-cycle block and H2AX phosphorylation, was as active as VprWT at upregulating PVR (Fig. 2a, b) . The functional defects of VprQ65R and VprR80A could not be ascribed to protein instability since the steady-state level of these mutated proteins was comparable to that of VprWT and VprW54R, as shown by Western blotting (Fig. 2c) . These results indicate that Vpr uses the same protein surfaces, and hence probably the same molecular interactions, to upregulate PVR and activate the DNA damage/ stress checkpoint. Apparently, for both Vpr activities, the ability to recruit DDB1-CUL4A E3 ligase (lost by VprQ65R but maintained by VprR80A protein) is required but not sufficient, while association with UNG2 is dispensable.
Jurkat cells transduced with WPI or VprWT lentivirus were then cultivated in the presence or absence of 5 mM caffeine (Sigma-Aldrich), an inhibitor of ATR and ATM, or with 10 mM KU55933 (Selleckchem), a specific ATM inhibitor, or equivalent amounts of DMSO (KU55933 solvent) and analysed by flow cytometry for cell-surface PVR and intracellular c-H2AX levels (Fig. 2d) , as well as for the cellcycle profile (Fig. 2e) . Such treatments were performed for the last 18 h of culture and did not affect cell growth and vitality, as determined in pilot assays (data not shown). Of note is that treatment with caffeine impaired the capacity of Vpr to upregulate PVR, while addition of KU55933 had no effect (Fig. 2d, top panels) . In line with H2AX being a common target of ATR and ATM, both drugs reduced basal c-H2AX levels if compared with untreated/DMSO controls (Fig. 2d, bottom panels) . However, reduction of c-H2AX levels by caffeine was significantly higher in cells expressing Vpr compared to control WPI-expressing cells (80 % vs 50 % inhibition), while KU55933 decreased c-H2AX levels to the same extent (by 30-40 %) in cells with and without Vpr expression. Percentage of inhibition was calculated using the formula 1002[(MFI on drug-treated cells/MFI on control cells)6100]. As expected, caffeine but not KU55933 completely abrogated the G 2 arrest activity of Vpr (Fig. 2e) . Overall, these data indicate that Vpr upregulates PVR in a manner that relies on the ability of the protein to activate the ATR DNA damage sensor kinase, not ATM, and trigger a G 2 cell-cycle arrest. Furthermore, our results support the existence of a link between PVR upregulation and the G 2 phase of the cell cycle that was described in previous studies (Ardolino et al., 2011; Soriani et al., 2009) .
We have previously shown that the HIV-1 Nef protein downregulates cell-surface PVR through mechanisms not yet identified, hence reducing DNAM-1-mediated NK-cell killing of infected T cells (Matusali et al., 2012) . Therefore, to evaluate Vpr activity on PVR in the context of HIV-1 replication, the level of cell-surface PVR was tested on primary CD4
+ T lymphocytes infected with HIV-1 (NL4-3 strain) either wt or defective for the expression of Vpr (Vpr 2 ), Nef (Nef 2 ) or both proteins (Vpr 2 Nef 2 ). Stocks of viruses were prepared as previously described (Matusali et al., 2012) using proviral plasmid pBR-NL4-3 and its derivatives with the vpr gene deleted (Dvpr), with a stop codon mutation in the nef gene (nef*), or with both defects (Dvpr nef*). Purification of CD4 + T cells, spin infection with HIV-1 followed by T-cell activation with Staphylococcus aureus enterotoxin B, irradiated allogeneic PBMCs and interleukin-2 (IL-2), and flow cytometric analysis of cells at day 5 post-infection (p.i.), were performed as described elsewhere (Cerboni et al., 2007b; Matusali et al., 2012) . Fig. 3 shows that cells infected with Vpr 2 virus displayed reduced cell-surface PVR levels compared to wt-infected cells (P50.03), indicating that Vpr increases PVR expression on CD4 + T cells during HIV-1 infection. In line with this observation and with the capacity of Nef to downregulate PVR, the expression of PVR was up-modulated on cells infected with Nef 2 (P50.03) but not with Vpr 2 Nef 2 virus if compared to wt-infected cells. These results indicate that, analogously to NKG2D ligands, PVR is exposed to a dual regulation of opposite sign during the course of HIV-1 infection: a negative regulation due to the Nef protein and a positive regulation exerted by Vpr. Upregulation of PVR and NKG2D ligands may alert the immune system and thus represents for HIV-1 a deleterious consequence of Vprmediated activation of DDR and G 2 arrest, a viral activity that is highly conserved and assumed to be important for LTR transcription (i.e. virus production) (Goh et al., 1998) . As a countermeasure, the Nef protein, among its multiple abilities to impair antiviral immune responses (reviewed by Kirchhoff, 2010) , has evolved the capacity to reduce the cell-surface expression of PVR and NKG2D ligands and, as a result, to decrease the susceptibility of HIV-1-infected cells to NK-cell-mediated lysis (Cerboni et al., 2007b; Matusali et al., 2012) . Since T cells infected with Vpr 2 Nef 2 virus showed higher PVR levels compared to not infected (n.i.) cells (P50.02), an additional, Vprindependent mechanism apparently contributes to enhance PVR expression during HIV-1 infection. We speculate that the activation of DDR components triggered by HIV-1 DNA integration into the genome of primary T cells (Lau et al., 2005) may possibly take part in PVR upregulation. Attempts to enhance expression of PVR and other activating ligands with DDR-based treatments and to impede ligand down-modulation by Nef, represent novel attractive approaches to improve recognition and elimination of HIV-1-infected cells by the immune system. 150  100  50  250  200  150  100  50  250  200  150  100  50  250  200  150  100  50  250  200  150  100  50  250   1000   1500   104  103  102  105  104  103  102  105  104  103  102  105  104  103  102  105  104  103  102  105   104  103  102  105  104  103  102  105  104  103  102  105  104  103  102 0   50   200  150  100  50  250  200  150  100  50  250  200  150  100  50  250  200  150  100  50  250   200  150  100  50  250  200  150  100  50  250  200  150  100  50  250  200  150  100  50 ) or not infected (n.i.), activated and, after 5 days, stained to measure surface expression of PVR and intracellular p24 Gag capsid antigen accumulation as described previously (Cerboni et al., 2007b; Matusali et al., 2012) . 
